ABSTRACT Ammonium nitrogen (NH 4 -N) is a signiÞcant component of municipal and agricultural wastewaters, and nitrogen reduction is an important use of constructed treatment wetlands. The effects of ammonium nitrogen enrichment on resources of larval mosquitoes, larval mosquito abundance, adult mosquito production, and the abundance of related wetland organisms were examined in 0.1-ha replicate treatment wetlands. The hypothesis of a bottom-up effect induced by ammonium addition was not supported by bacterial abundance, mean bacterial cell size, or algal biomass in the water column. There was, however, a signiÞcant negative correlation between bacterial cell length and Culex tarsalis Coquillett (Diptera: Culicidae) larval abundance 1 wk later in wetlands enriched with ammonium nitrogen. Larval mosquito (Culex spp.) abundance in southern California wetlands enriched with NH 4 -N (mean Ϸ3 mg/liter) was signiÞcantly greater than in control wetlands at ambient nitrogen levels (8.3 mg NO 3 -N/liter, 0.1 mg NH 4 -N/liter). Adult mosquito production was nine-fold greater and chironomid larvae were signiÞcantly more abundant in wetlands enriched with NH 4 -N than in controls but other censused taxa exhibited no signiÞcant trends. MosquitoÞsh, Gambusia affinis (Baird & Girard), abundance was signiÞcantly reduced in enriched wetlands, but other potential mosquito predators were not signiÞcantly affected by ammonium enrichment.
ONE OF THE MAJOR GOALS in the development of constructed treatment wetlands is to reduce the concentration of nitrogenous compounds in efßuent water. Constructed treatment wetlands use vegetation and water control to reduce concentrations of the most important nitrogenous compounds, nitrate nitrogen (NO 3 -N) and ammonium nitrogen , from inßowing waters (Kadlec and Knight 1996) . Treatment wetlands are a cost-effective method for meeting the demands for municipal and agricultural wastewater treatment as well as providing much needed wildlife habitat and recreational opportunities (Kadlec and Knight 1996 , Knight et al. 2000 , Walton 2002 ).
Aside from their water quality enhancement properties, constructed treatment wetlands have the potential to produce large numbers of pestiferous and disease-transmitting mosquitoes , Russell 1999 , Walton 2002 . Management methods designed to reduce mosquito production in wetlands often are focused on vegetation management (de Szalay et al. 1995, Schlossberg and Resh 1997) , timing of wetland ßooding Resh 1992, Mogi 1993) , or substrate modiÞcation to alter plant growth (Walton and Workman 1998, Thullen et al. 2002) .
One aspect of wetland management that has not been examined thoroughly is the inßuence of water quality on mosquito abundance in treatment wetland ecosystems. Inßuent water quality is thought to be an important factor contributing to the marked differences of mosquito production among constructed treatment wetlands in the southwestern United States. Large populations of host-seeking mosquitoes (Ͼ1000 females per trap per night) have been observed at wetlands receiving efßuent with either high biological oxygen demand or reduced forms of nitrogen , Walton 2002 , Karpiscak et al. 2004 ). Ammonium nitrogen represented Ͼ74% of the total nitrogen (mean 13.25 mg/liter) in secondary-treated municipal efßuent entering 0.1-ha wetlands in southern California where mosquito production was as high as 26.8 emergent adults/m 2 /d (Thullen et al. 2002) . Mosquito production from wetlands that process inßuent water with comparatively less nutrients is appreciably lower than from wetlands receiving water containing predominantly NH 4 -N. The Prado Constructed Wetlands located in western Riverside County (Norco, CA) receives water from the heavily recycled Santa Ana River. During the summer, inßu-ent NO 3 -N averages 10 mg/liter and can be reduced to Ͻ1 mg/liter at the outßow of the wetlands (Orange County Water District 2001) . The NH 4 -N concentration in this constructed treatment wetland system is Ͻ0.2 mg/liter (Sanford 2003) . During a summer 1998 study, emergent mosquitoes reached a maximum of .
Of the few studies that have investigated the relationship between water quality and mosquito abundance in wetland habitats, all have focused on NH 4 -N (Victor and Reuben 2000 , Walton et al. 2000 , Sanford 2003 , Sunish et al. 2003 . The potential of NH 4 -N to increase mosquito abundance was noted after nitrogen fertilizer additions to rice Þelds (Victor and Reuben 2000) . The application of urea (a high nitrogen fertilizer, 46% NÐ 0% PÐ 0% K) signiÞcantly increased densities of mosquito larvae and pupae relative to organic fertilizer addition. Sunish et al. (2003) found signiÞcantly more Culex spp. (Diptera: Culicidae) egg rafts in metal quadrats supplemented with urea in rice Þelds in India. Preliminary studies using high nitrogen inorganic fertilizers previously conducted in the Prado Basin indicated that NH 4 -N enrichment enhanced mosquito production (Walton et al. 2000) .
In clean water systems, nitrogenous compounds are limiting and competition for nutrients among bacteria, fungi, and algae may occur (Rheinheimer 1980). Constructed treatment wetlands that are replete with nitrogenous compounds are likely to support large populations of nitrifying and denitrifying bacteria, fungi, and phytoplankton that use inorganic nitrogen. Ammonium nitrogen reduction is often a major factor in the design of constructed treatment wetlands (Kadlec and Knight 1996) . Ammonia (NH 3 ) in aquatic systems is used by nitrifying bacteria (e.g., Nitrosomonas spp.) as a primary energy source. Ammonia oxidation produces nitrite (NO 2 ) that is then quickly oxidized to nitrate (NO 3 ) by bacteria such as Nitrobacter spp., in a tightly associated chain of events (Rheinheimer 1980 , Bock et al. 1986 ). The denitrifying bacterial community can then use NO 3 under anaerobic conditions (Rheinheimer 1980) in the substratum created by vegetation in a constructed treatment wetland. Bacteria are thought to be an integral part of larval mosquito diets (Merritt et al. 1992) . The nitrifying and denitrifying bacterial communities represent readily available potential food resources to developing mosquito larvae and it has been suggested that grazing by larvae may stimulate the nitrifying bacterial community in treehole habitats (Kaufman et al. 1999) . Bacteria associated with the nitrogen cycle in conjunction with mosquito populations have yet to be studied in the constructed wetland setting.
In this study, the impact of elevated NH 4 -N concentrations on mosquito abundance, food resources for mosquito larvae, and other selected organisms in wetland ecosystems was studied in 0.1-ha replicate wetlands. We predicted that the addition of NH 4 -N to a nitrate-dominated system would increase bacterial and phytoplankton abundance thus creating a bottom-up effect that would cause an increase in resources available to invertebrates. Consequently, we predicted that the added nitrogen would cause an increase in the abundance of mosquitoes similar to that encountered in constructed wetlands that receive wastewater dominated by NH 4 -N.
Materials and Methods
This study was conducted at the Prado Constructed Wetlands (33.9Њ N, 117.9Њ W),which consists of 50 interconnected ßow-through marshes totaling Ϸ186 ha. The primary functions of the wetlands are to reduce nitrate levels in Santa Ana River water destined for groundwater storage basins in Orange County, California (Mills et al. 1998) as well as to provide valuable wildlife habitat to endangered species (e.g., the Least BellÕs Vireo, Vireo bellii pusillus Coues). The wetlands also provide habitat to various aquatic invertebrates as well as mosquitoÞsh, Gambusia affinis (Baird & Girard); green sunÞsh, Lepomis cyanellus RaÞnesque; and bullfrogs, Rana catesbeiana Shaw.
We carried out this study in six replicate wetlands (research cells) for 5 wk from August to September 2002. The research cells measured Ϸ80 by 12 m and were Þlled from a common inßow marsh to a depth of Ϸ0.5 m (Fig. 1) . A more detailed description of the research cells can be found in Bachand and Horne (2000) . Emergent vegetation was dominated by cattail, Typha sp., and bulrush, Schoenoplectus californicus (Meyer) Sojàk.
Ammonium Enrichment. Ambient NH 4 -N concentration (between 0 and 0.1 mg/liter) was increased by 5 mg/liter by adding ammonium sulfate fertilizer (21% NÐ 0% PÐ 0%K [24% S]), Best ammonium sulfate 21Ð 0-0, J. R. Simplot Co., Boise, ID) to three wetlands for the 5 wk of the study. The NH 4 -N loading rate was based on the volume of each cell and calculated for a 2-d residence time (based on water chemistry samples taken on consecutive dates after the wetlands were saturated and water inßow rates were equalized among the replicate wetlands; M.R.S., unpublished data). fertilizer required to raise the concentration of NH 4 -N for 2 d of enrichment was added to a 20-liter polyethylene carboy (Nalgene, Nalge Nunc International, Rochester, NY) at the inßow drop-box of each of the three treatment research cells. Water from the inßow marsh was added continuously to each carboy using a peristaltic pump (Variable Speed Mini-Peristaltic Pump, Fisher, Pittsburgh, PA), and the spigot on the bottom of the carboy was left open thus allowing the ammonium sulfate solution to drip into the research cell.
Unforeseen maintenance activities on the outlet drop-boxes resulted in downed vegetation in the outßow areas of all cells, and renovations carried out by water district staff rendered cell 6 without emergent vegetation. Wetland cells 1, 2, and 5 ( Fig. 1) were enriched with (NH 4 ) 2 SO 4 during this study. Wetland cells 3, 4, and 6 were run at ambient conditions (controls). The research cells had been dried for at least 3 wk before the start of the experiment. Hydration began on 14 August with the drop-boxes adjusted to maximize ßow to Þll the cells as quickly as possible. Ammonium enrichment was initiated on 15 August at which time the inßow rates were adjusted to provide a 2-d water residence time.
Water Chemistry. Five 125-ml grab samples were taken weekly along the middle of each research cell from inßow to outßow (Fig. 1 ). Each water sample was immediately placed on ice in the Þeld. Samples were returned to the laboratory where nitrogen levels were measured within 2 h by using ion-speciÞc electrodes NO 3 -N: model 93-07, Orion Research Inc., Beverly, MA). Temperature, pH, and dissolved oxygen measurements were taken at a depth of 10 Ð12 cm on alternate days between 1200 and 1300 hours by using electronic sensors (ICM Water Analyzer, Perstop Analytical, Wilsonville, OR) at the second water sampling site from the inßow in the center of each cell (Fig. 1) .
Phytoplankton and Bacteria. Potential larval mosquito food resources were measured as bacteria cell density and size, and phytoplankton biomass. Samples were taken with a Van Dorn bottle at three sites equidistant from the inßow to the outßow in the middle of each research cell (Fig. 1) . Each sample was placed into a dark 500-ml acid-washed polyethylene bottle (Nalge Nunc International) and stored on ice. Upon returning to the laboratory, 5-ml samples were taken from each bottle, preserved with 1 ml of 25% glutaraldehyde, and stained in the laboratory with 72 l of 1 M Hoescht 33342 DNA-speciÞc stain (Paul 1982) in 1% dimethyl sulfoxide. Each sample was stained overnight (Ϸ10 h), Þltered onto Nucleopore black Þlters (25 mm in diameter, 0.22-m pore size), and slide mounted under darkened conditions as per the methods of Velji and Albright (1993) . Slides were frozen immediately and stored for Ͻ70 d (Turley 1993) before counting the bacteria. Bacterial density was measured by ßuorescent microscopy using a Leica DM RB compound microscope Þtted with a 100ϫ/1.25 oil immersion objective and a UV Þlter set (exciter BP 340 Ð380 nm, dichroic mirror RKP 400 nm, barrier Þlter 425 nm). Images of stained bacteria were captured with a low light digital videocamera (model DEI-470, Optronics Engineering, Goleta, CA) and processed for automated counting on a computer running Image Pro Plus (version 3.0, Media Cybernetics, Silver Spring, MD) and Microsoft Excel (version 97). Ten Þelds per slide were counted using randomly assigned Cartesian coordinates. Bacterial densities were computed by the method 9216B described in APHA (1995) , and bacterial cell width and length were measured for each counted specimen by the Image-Pro Plus software.
Chlorophyll a was measured as an estimate of phytoplankton biomass in duplicate 150-ml samples taken from the same sample bottle. Whole water samples were Þltered through 45-mm membrane Þlters (0.8-m pore size, Gelman Science, Ann Arbor, MI) under darkened conditions in the laboratory, frozen in foil envelopes overnight, and placed in 90% alkaline acetone for pigment extraction for 24 h at 4ЊC the next day (Wetzel and Likens 1991) . After centrifugation at 262 ϫ g for 5 min, pigment concentration was determined using a Biospec-1601 UV-Visible spectrophotometer (Shimadzu ScientiÞc, Columbia, MD) following method 10200H of APHA (1995) .
Invertebrates. Invertebrate collections began 8 d posthydration and 7 d postenrichment. Emergent insects were sampled using ßoating pyramidal emergence traps . Two emergence traps were placed into each of four access paths located along the length of each wetland ( Fig. 1 ) for a total of eight traps per cell. Emergent vegetation was cut to within 5 cm of the water surface beneath each trap to retain physical structure in the water column beneath the trap. Samples were collected after 5 d in the Þeld and frozen in the laboratory weekly for the 5-wk study. Nonculicine insects were identiÞed to family using Merritt and Cummins (1996) and mosquitoes were identiÞed to species using Meyer and Durso (1998) .
Argentine ants, Linepithema humile Mayr, invaded the collection jars on the emergence traps and consumed many of the emerged insects that had accumulated during each of the Þrst 3 wk. Attempts were made to limit access of the ants to collection jars by removing vegetation touching the exterior of the trap, but they were unsuccessful. After the third week of the study, a Vaportape II pest control strip (10.00% 2,2-dichlorovinyl dimethyl phosphate; Hercon, Emigsville, PA) (Ϸ1 cm 2 ) was added to each collection jar. This treatment effectively deterred the ants.
Eight composite dipper samples per research cell were taken weekly in the inundated vegetation near each emergence trap. Three 350-ml dipper samples were combined to form one composite dip sample by using a concentrator cup (148-m mesh opening). Samples were preserved by adding 95% ethanol to a Þnal concentration of 50% ethanol. All invertebrate specimens were enumerated and identiÞed to family using Merritt and Cummins (1996) , and third and fourth instars were identiÞed to species using Meyer and Durso (1998) .
Predator Trapping. Predator abundance was measured weekly using Gee minnow traps (Cuba Spe-cialty Co., Fillmore, NY) lined with Þberglass window screen (1.5 by 1.1-mm mesh opening). Two pieces of dry dog food (as an attractant) and a ßoat, to maintain a portion of the trap above the water surface, were placed into each trap. Three predator traps were deployed in the afternoon (Ϸ1300 hours) near the inßow, center and outßow of each research cell and collected the next morning (Ϸ0800 hours). Predators were counted, identiÞed to family or genus, and released.
Statistics. Repeated measures analysis of variance (RM-ANOVA) using a General Linear model (GLM) ( Table 1 ) was used to test the statistical signiÞcance of treatment and location (i.e., inßow, middle, and outßow) effects for each variable measured. Interactions among effects represent a relationship among variables that is dependent on the level of a given variable. For example, a signiÞcant treatment by date interaction would indicate that treatment was signiÞcant on a certain date or dates. To facilitate location speciÞc comparisons among biotic and abiotic variables, the sample adjacent to the outßow weir of each wetland was not considered and the middle two samples of the remaining four locations were averaged to make sample sizes (n ϭ 3: inßow, middle, and outßow) equivalent among variables. All data were log 10 (x ϩ 1) transformed before analysis. All GLM statistics were computed using MINITAB version 14.11 (Minitab, Inc. 2003) . PearsonÕs correlations and Wilcoxon Signed Rank Test (electronic sensor data only) were computed with SigmaStat version 2.03 (Fox et al. 1995) .
Results
Water Chemistry. Ammonium nitrogen concentration in the enriched research cells was lower than the expected 5 mg/liter (mean Ϯ SE, 0.25 Ϯ 0.01 mg/liter; unenriched cells: 0.01 Ϯ 0.01) during the Þrst 2 wk of the experiment when the fertilizer supplied by the drip system and ßow rates of water through the research cells were variable due to the adjustment of weir boards to stabilize the water levels in the cells and prevent ßooding caused by variation in the water level of the common inßow marsh. For all dates, NH 4 -N concentration in the enriched wetlands was signiÞ-cantly higher than in the control wetlands (Table 2 ; Fig. 2A) .
Nitrate nitrogen concentration in the control cells (7.15 Ϯ 0.25 mg/liter) was higher than in the research cells enriched with NH 4 -N (Table 2 ). Nitrate nitrogen concentration was similar at the inßow and outßow of control wetlands but decreased in the outßow areas of enriched wetland cells (Fig. 2B) .
The pH of the wetlands was between 7.3 and 8.4 and water temperature ranged between 18.8 and 23.7ЊC for measurements taken at Ϸ1200 hours every other day. The mean pH of enriched wetlands (7.46) was slightly lower than that of unenriched wetlands (7.71). The signiÞcant difference observed in pH (Wilcoxon signed rank test: T Ϫ ϭ 12.000, P ϭ 0.017) between the two treatments is small (0.26 pH units) and is unlikely to have biological signiÞcance. No signiÞcant difference in water temperature was found between the two treatments (T Ϫ ϭ 29.000, P ϭ 0.273). Dissolved oxygen concentrations during the day did not signiÞcantly differ between enriched and unenriched wetlands (T Ϫ ϭ 20.000, P ϭ 0.080; range 0.63Ð9.40 mg/liter). Phytoplankton and Bacteria. Potential resources in the water column for larval mosquitoes did not increase signiÞcantly with enrichment. Large algal mats developed in research cell 6, and mean Ϯ SE chlorophyll a biomass (29.9 Ϯ 8.4 g/liter) was approximately 5 times higher than in the other research cells. Chlorophyll a concentrations did not differ signiÞ-cantly between the two treatments ( Table 2) . Even when unvegetated research cell 6 and an adjacent enriched cell (5) were removed from the analysis, phytoplankton biomass in the vegetated research cells still did not differ signiÞcantly between treatments (F ϭ 0.12; df ϭ 1, 4; P ϭ 0.751).
Bacterial densities averaged 2.54 ϫ 10 7 cells/ml (SE Ϯ 1.32 ϫ 10 6 ) during the study and did not differ signiÞcantly between treatments (Table 2) . Bacterial densities in the outßow area of the research cells were slightly higher (Ϸ4.97 ϫ 10 6 cells/ml higher than average) than in the other locations along the water ßow path, but this difference was not signiÞcant. Bacterial cell length averaged 1.45 ϫ 10 Ϫ3 mm (Ϯ 1.96 ϫ 10
Ϫ5
), and average bacterial cell width averaged 8.46 ϫ 10 Ϫ4 mm (Ϯ 1.04 ϫ 10
) with no signiÞcant differences observed between treatments (Table 2 ). There were however signiÞcant correlations between bacterial cell length and Cx. tarsalis larval abundance in enriched wetlands 1 wk later (r ϭ Ϫ0.918, df ϭ 3, P ϭ 0.028). Other correlations between bacterial and larval mosquito parameters were not statistically significant.
Invertebrates. Culex tarsalis Coquillett was the most abundant species (61% of all larval mosquitoes) collected throughout the study followed by Culex erythrothorax Dyar (22%), Culex quinquefasciatus Say (9%), and Culex stigmatosoma Dyar (5%). Culex restuans Theobald (2%), Culex thriambus Dyar (0.8%), and Uranotaenia anhydor Dyar (0.5%) larvae were collected rarely.
Ammonium enrichment signiÞcantly increased Culex larval abundance in the wetlands (Table 2) . Culex early (Þrst and second) instars in the wetlands enriched with NH 4 -N were signiÞcantly more abundant than in the control wetlands (Table 2; Fig. 3A) . Early instar abundance peaked in enriched wetlands on 29 August at 2.03 larvae per dip, 1 wk before the peak of third and fourth instars. The abundance of early instar Culex in the control wetlands also peaked on 29 August but was 10-fold lower than in the en- The results for treatment main effects are displayed, followed by signiÞcant interactions if any. All signiÞcant differences were determined at P ϭ 0.05 level. Trt ϫ Loc, treatment by location interaction; L1/L2, Þrst and second instar; L3/L4, third and fourth instar; I, emergence trap data for the three dates before insecticide treatment for ant invasion; II, emergence trap data for the two dates after insecticide treatment for ant invasion. riched wetlands. Early instar Culex abundance at the outßow of the research cells was signiÞcantly greater than at the two other locations in the wetlands and was signiÞcantly greater in the outßow areas of enriched cells ( Table 2 ). The abundance of late instar Culex larvae in enriched wetlands also was signiÞcantly greater than in the control wetlands (Table 2 ; Fig. 3B ). Third and fourth instars of Culex larvae were signiÞcantly more abundant in the outßow than at the inßow of the research cells regardless of treatment (Table 2) . Among Culex species, Cx. tarsalis third and fourth instars were signiÞcantly more abundant in enriched wetlands (Table 2 ; Fig. 4A ) with signiÞcantly more larvae in the outßow areas of the wetlands (Table 2) . Cx. erythrothorax larvae were signiÞcantly more abundant in the outßow areas of enriched research cells (Table 2 ; Fig. 4B ) and the outßow areas of all the wetlands (Table 2) . Cx. quinquefasciatus and Cx. stigmatosoma larval abundance did not differ signiÞcantly between treatments (Table 2) .
Culex pupae were signiÞcantly more abundant in the enriched cells (Table 2 ; Fig. 3C ). The abundance of pupae near the outßow was signiÞcantly greater (Table 2 ) than near the inßow of the cells.
Anopheles hermsi Barr & Guptavanji larvae were comparatively rare and a small peak in third and fourth instar abundance (maximum mean Ϯ SE abundance 0.49 Ϯ 0.25 larvae per dip, 5 September) coincided with the peak in Culex spp. third and fourth instars Ϸ3 wk postßooding. Enrichment did not signiÞcantly affect larval Anopheles abundance (Table 2) .
Chironomidae was the only nonculicid dipteran group to be signiÞcantly increased by enrichment with ammonium nitrogen. Chironomid larvae were significantly more abundant in the enriched cells and at the outßow areas of these wetlands (Table 2) . Shore ßies (Diptera: Ephydridae) were most abundant on 22 August with a maximum of 1.67 Ϯ 0.75 (mean Ϯ SE) larvae per dip, but most of these larvae were collected from a single research cell.
Microcrustacean abundance was not signiÞcantly affected by enrichment (Table 2) . Copepoda were the most abundant microcrustacean with a maximum mean Ϯ SE of 96.4 Ϯ 21.4 per dip in both treatments on 5 September and an overall mean of 85.7 Ϯ 7.2 per dip throughout the study. Cladocerans were the second most abundant microcrustacean with a maximum mean of 87.4 Ϯ 47.0 per dip on 22 August and a mean of 68.3 Ϯ 9.6 per dip for the entire study. Ostracoda were the least abundant zooplankter group with an overall mean of 6.02 Ϯ 1.05 per dip.
Amphipoda was the only other crustacean order to be collected in dipper samples. Amphipod abundance was low (maximum mean Ϯ SE 0.40 Ϯ 0.09 per dip) and was not signiÞcantly affected by the enrichment (Table 2 ). Other invertebrate groups in dip samples were either not collected in numbers sufÞcient to conduct statistical analyses or not affected signiÞ-cantly by enrichment (Table 2) .
Due to the change in methodology used during the study to control ant damage to the samples, the emergence trapping data have been partitioned into two sets of dates (i.e., before ant control and during ant control) ( Fig. 5 ; Table 2 ) with each set being analyzed separately. Before ant control, Culex production from the wetlands did not differ signiÞcantly between treatments (Table 2) . After ant control was initiated, Culex adults were signiÞcantly more abundant in enriched wetlands (Table 2 ; Fig. 5 ). SigniÞcantly more Culex adults were collected at the outßow of all cells both before and during ant control (Table 2) . Cx. quinquefasciatus was the only Culex species to be affected by the enrichment with signiÞcantly more adults collected from enriched wetlands after ant control was initiated (Table 2) .
Before ant control emergent Chironomidae were signiÞcantly more abundant in control wetlands and at the outßow of all cells (Table 2; Fig. 6 ). Emergent Chironomidae did not seem to be signiÞcantly affected by the enrichment after ant control was initiated (Table 2 ; Fig. 6 ).
Predator Trapping. Predator traps collected Dytiscidae (Coleoptera) larvae and adults, Hydrophilidae (Coleoptera) larvae and adults, Odonata nymphs, mosquitoÞsh, green sunÞsh, crayÞsh, and tadpoles. Hydrophilidae adults, crayÞsh, and tadpoles are not considered mosquito predators, but they can be present in large numbers within the traps. The mosquitoÞsh was signiÞcantly more abundant in control cells (mean Ϯ SE, 2 Ϯ 0.22 Þsh per date) than in enriched cells (0.18 Ϯ 0.02 Þsh per date; Table 2 ). Green sunÞsh abundance did not differ signiÞcantly between treatments (Table 2) . Beetle predators (including hydrophilid larvae and dytiscid larvae and adults) were not signiÞcantly affected by the enrichment but were signiÞcantly more abundant in the outßow areas of the wetlands regardless of treatment (Table 2) .
Minnow traps also collected larval Culicidae, larval Chironomidae, and Amphipoda. Although the activity traps are not well suited to measure the abundance of these groups, larval culicids (F ϭ 82.84; df ϭ 1, 4; P ϭ 0.001), larval chironomids (F ϭ 23.23; df ϭ 1, 4; P ϭ 0.009), and amphipods (F ϭ 32.02; df ϭ 1, 4; P ϭ 0.005) were signiÞcantly more abundant in activity trap collections from the enriched wetlands than in collections from control wetlands. Larval chironomids were signiÞcantly more abundant in the outßow areas of enriched cells (F ϭ 10.94; df ϭ 2, 8; P ϭ 0.005; treatment ϫ position interaction: F ϭ 11.67; df ϭ 2, 8; P ϭ 0.004).
Discussion
Enrichment of constructed wetlands with NH 4 -N signiÞcantly enhanced pestiferous Diptera populations and signiÞcantly reduced mosquitoÞsh populations. The hypothesized bottom-up effect of enrichment with NH 4 -N did not increase larval mosquito resources measured in the water column as bacterial cell densities, bacterial cell size, and chlorophyll a concentration. Potential competitors (e.g., microcrustaceans and higher Diptera) and predators (e.g., predatory beetle larvae and odonate nymphs) of mosquitoes in the wetlands also were not signiÞcantly affected by the enrichment.
The abundance of early (Þrst and second instar), mature (third and fourth instar) larvae, and pupae of Culex spp. in enriched wetlands was, respectively, 87, 58, and 50% higher than in control wetlands where total inorganic nitrogen (TIN) concentration was low (7.12 mg/liter) and ammonium nitrogen was only Ϸ1.6% of TIN. The abundance of late instars of Cx. tarsalis (which composed 61% of all late instars) was negatively correlated with bacterial lengths from the previous week possibly indicating selective feeding on comparatively small-sized bacteria in the wetland water column. Even though we were unable to detect statistically signiÞcant differences between treatments in the three measures of larval mosquito resources measured in this study, Sanford (2003) found that Cx. tarsalis larvae reared in the enriched wetland cells during this investigation had head capsule widths signiÞcantly larger (6%) in the fourth instar and pupated Ϸ5 d earlier than those from unenriched wetland cells, suggesting that NH 4 -N enrichment had an impact on mosquito food resources. It is important to note that in enriched wetlands NO 3 -N concentrations at the outßow were decreased markedly during the Þrst 3 wk of the study and concentrations were generally lower in enriched wetlands (Fig. 2B) , possibly indicating an increase in denitriÞcation due to increased substrate availability (i.e., increased nitrite availability due to increased nitriÞcation). Neither nitriÞcation nor denitriÞcation was measured directly in this study, but previous studies in the research cells found that denitriÞcation by bacteria was a predominant mechanism of nitrogen removal (Bachand and Horne 2000) . Ammonia-oxidizing species (i.e., Nitrosomonas) dominate newly Þlled aquatic habitats because nitrite-oxidizing species such as Nitrobacter recover comparatively slowly (Swanson et al. 1996) and continue to process nitrogen in a closely linked chain of events as long as substrate is readily available (Bock et al. 1986 ). More detailed evaluation and identiÞca-tion of the bacterial communities involved in nitrogen cycling in conjunction with larval mosquito sampling in constructed treatment wetlands is warranted.
The production of adult mosquitoes from wetlands enriched with (NH 4 ) 2 SO 4 was 9.4-fold greater than from the control wetlands (Fig. 5) , which is similar to the increase observed in previous studies in these wetlands (Walton et al. 2000) . Culex emergence as well as larval abundance was signiÞcantly higher in the outßow areas of enriched wetlands (Table 2) where there was a relatively large amount of decaying vegetation due to maintenance activities. Infusions of decaying vegetation are often used as oviposition attractants (Ritchie 1984 , Reiter 1986 , Millar et al. 1992 , and bacteria have been implicated in the production of volatile chemical cues that attract gravid female mosquitoes (Hazard et al. 1967 , Poonam et al. 2002 . The bacteria in decomposing plant material were not measured in this study, but they may be important producers of the volatile chemicals that attract gravid Culex and may have contributed to the enrichment effects observed. Marked increases of mosquito abundance in the Prado Wetlands often are tied to postvegetation management ßooding events and newly inundated areas where decaying vegetation is present Jiannino 2005) . Jiannino and Walton (2004) found that drying and dredging the research cells enhanced mosquito abundance for two weeks after inundation relative to fully vegetated research cells that remained ßooded when no nutrients were added.
Enhancement of the nitrifying and decomposing bacterial community by (NH 4 ) 2 SO 4 additions also may have been responsible for the prolonged period of Culex abundance in the enriched wetlands (Fig. 3) . After (NH 4 ) 2 SO 4 additions, early Culex larvae were undetectable in enriched cells by the end of the 5-wk study but were abundant for 3 wk longer than in the control cells. This Þnding strongly suggests that oviposition was occurring in enriched cells for 3 wk longer than in control wetlands. Moreover, the abundance of potential larval mosquito predators did not differ signiÞcantly between the two enrichment treatments with the exception of mosquitoÞsh, which were signiÞcantly less abundant in enriched cells. The lower mosquitoÞsh abundance in enriched wetlands is not explained by daytime dissolved oxygen concentrations, which did not differ signiÞcantly between enriched and unenriched cells. In a previous study in the Prado Wetlands, Jiannino (2001) found that mosquitoÞsh in the research cells were not effective in reducing mosquito larval populations at densities of one to four Þsh per trap (also using predator activity traps). Given the abundance of mosquitoÞsh observed in unenriched cells in this experiment (approximately two Þsh per trap), it is unlikely that the lower abundance of mosquito larvae observed can be solely attributed to predation by mosquitoÞsh.
Larval Chironomidae also were signiÞcantly more abundant in enriched wetlands and in enriched outßows where decaying vegetation was present in relatively large amounts. Chironomid females typically attach egg masses on Þrm substrata such as macrophytes (Nolte 1993 , Pinder 1995 , but little is known about the ovipositional attractants of Chironomidae. Sanford et al. (2003) found that midges and Culex mosquitoes exhibited similar trends of abundance and preferences for inundated, aged vegetation. Chironomid larvae were most abundant in treatments where decaying macrophytes had been dried for 2 wk before inundation . This Þnding suggests that the Chironomidae and many of the Culex species of the Prado Wetlands oviposit in similar habitats.
The unstable nature of NH 4 -N in aquatic systems can create potentially toxic conditions for biota. We observed signiÞcantly lower Þsh abundance in enriched wetlands that could indicate that high levels of toxic unionized NH 3 were present during the enrichment. We observed water temperature and pH measurements during the middle of the day, which indicated that only 10 Ð15% of the NH 4 -N is expected to have been in the unionized, toxic state and susceptible to volatilization (Kadlec and Knight 1996) . Assuming 15% of the ammonium nitrogen was in the unionized state, the maximum observed concentration of NH 3 during this study was 0.90 mg/liter and near the estimated LC 50 for mosquitoÞsh (Swanson et al. 1996) . Predatory beetles not known to be susceptible to the toxic effects of NH 3 were signiÞcantly more abundant in outßow areas where mosquito larvae were most abundant, regardless of treatment.
The addition of (NH 4 ) 2 SO 4 to constructed treatment wetlands receiving NO 3 -dominated water signiÞcantly enhanced populations of Culex mosquitoes and midges. The combination of enhanced larval food resources and oviposition cues as well as reduced predation by mosquitoÞsh in enriched wetlands was most likely responsible for the observed effects. Our results suggest that addition of NH 4 -N to managed wetlands can increase mosquito and midge production. In particular, it can signiÞcantly increase the abundance of Cx. tarsalis, Cx. erythrothorax, and Cx. quinquefasciatus, which are potentially important vectors of arboviruses infecting humans and animals (Milby and Reeves 1990 , Reeves 1990 , Goddard et al. 2002 . The addition of large amounts of NH 4 -N also may reduce the efÞcacy of the mosquitoÞsh in constructed treatment wetlands where conditions favor the formation of toxic unionized NH 3 and high mosquitoÞsh mortality. Flooding of wetland habitat that has been dried for maintenance/management activities by using heavy equipment as well as inundation of downed, dried wetland vegetation exacerbates mosquito production . The duration of vegetation drying also can inßuence mosquito abundance . If municipal or agricultural wastewater containing NH 4 -N at Ͼ5 mg/liter was added to the Prado Wetlands, the production of pestiferous and pathogen-transmitting mosquitoes is likely to increase signiÞcantly in addition to prolonging the time when mosquitoes are present after wetland management activities. Further studies to investigate the role that nitrifying bacteria play in mosquito and chironomid ecology in constructed treatment wetlands would allow a better understanding of the role of NH 4 -N in municipal efßuent on the production of these pestiferous insects from constructed wetland habitats.
